Abstract: A Takagi-Sugeno (T-S) fuzzy control system is designed for load-following operation of nonlinear nuclear reactor whose operating points vary within a wide range. Linear models are first derived from the original nonlinear model on several operating points. Next the fuzzy controller is designed via using the parallel distributed compensation (PDC) scheme with the relative neutron density at the equilibrium point as the premise variable. Last the stability analysis is given by means of linear matrix inequality (LMI) approach, thus the control system is guaranteed to be stable within a large range. The simulation results demonstrate that the control system works well over a wide region of operation.
INTRODUCTION
Nuclear power plants occupy larger and larger part of the whole electricity production in the world. This developing trend determines that the regulation of nuclear power plants must be able to respond to the load demanded on the electric network (Dong et al., 2009) . Nuclear reactors are in nature nonlinear and their parameters vary with time as a function of power level. These characteristics must be considered if large power variations occur in power plant working regimes, such as in load-following conditions. Reactor power control has been used in base-load operating conditions traditionally. But with the increasing share of nuclear power plants in electricity generation, it seems that the load-follow operation of nuclear reactors will be inevitable in the future. It is hard to get the satisfying performance with the classic control strategy to control nuclear reactor power (Liu et al., 2009 ).
Therefore, in order to establish good operation performance of nuclear power plants, many investigations have been proposed in the field of reactor core control. Edwards et al. (1990) demonstrated improved robustness characteristics of SFAC (state feedback assisted classical control) to cope with changes of reactor parameters over that of CSFC (conventional state feedback control). They also presented an optimal controller for this goal. In another work Park and Cho (1992) introduced a model-based feedback linearization controller with adaptive PI gains. They also designed a model-based two-stage controller (Park and Cho, 1993) . These papers mostly used an approximate linear core model for the controller design while discrepancies between the real plant and the model in controller design for load-following operation make most of these methods inappropriate for real cases (Khorramabadi et al., 2008) . These control systems hold true in limited range, the performance of which will lapse if the range is gone beyond.
In Mamdani (1974) a controller based on fuzzy set theory is introduced for the first time. A fuzzy algorithm, which emulates the reasoning procedure of a human operator, is used to control a laboratory-built boiler steam engine. This work showed the feasibility to build effective real-time decision algorithms, inaugurating a new era in control engineering. Ruan et al. (1998) reported that a fuzzy logic controller (FLC) for controlling the power level of a nuclear reactor was proposed and a PLC-based (programmable logic controller based) hardware controller was implemented on the BR1 (Belgium's first research reactor) at the Belgian Nuclear Research Centre. Liu et al. (2009) applies a fuzzy proportional-integral-derivative (fuzzy-PID) control strategy to the nuclear reactor power control system, in which the FLC is exploited to extend the finite sets of PID gains to the possible combinations of PID gains in stable region. Adda et al. (2005) demonstrated the use of an intelligent FLC in parallel with a classical controller for monitoring and supervising a nuclear reactor in real time. This controller is based on rules established from experiments used with the classical controller and from the knowledge and expertise of the operators of nuclear reactors.
In everyday life, as well as in solving engineering problems, the standard approach to complex problem solving is the divide-and-conquer strategy: A complex problem is somehow partitioned into a number of simpler sub-problems that can be solved independently, and whose individual solutions yield the solution of the original complex problem (Murray-Smith et al., 1997) . This is the thought of multi-model control, which is fit to deal with the instance that the load operating points change in a wide range.
The application of fuzzy control and multi-model control pave the way for the research on the control system of nuclear reactor power. Takagi and Sugeno (1985) proposed a fuzzy model to describe the complex systems. On the basis of the idea, some fuzzy models based fuzzy control system design methods have appeared in the fuzzy control field (Tanaka et al., 2001) . These methods combine the thought of fuzzy control with that of multi-model control. First, the nonlinear plant is represented by a Takagi-Sugeno (T-S) type fuzzy model. In this type of fuzzy model, local dynamics in different state space regions are represented by linear models. The overall model of the system is obtained by fuzzy "blending" of these linear models through nonlinear fuzzy membership functions. Second, the control design is completed on the basis of the fuzzy model via the so-called parallel distributed compensation (PDC) scheme. The idea is that for each local linear model, a linear feedback controller is designed. Finally, the resulting overall controller, which is nonlinear in general, is again a fuzzy "blending" of each individual linear controller (Ma et al., 2000) . This paper proposes a T-S fuzzy control system for nuclear reactor power, and analyzes the stability of closed-system, and tests the performance by simulation.
MODELS OF NUCLEAR REACTOR POWER

Point Kinetics
The reactor point kinetics equations are the starting point for the nuclear reactor power controller (Edwards, 1991) .
where n denotes neuron density (n/cm 3 ), c i denotes core averaged ith group precursor density (atom/cm 3 ), z r denotes control rod speed (fraction of core length per second), λ i denotes radioactive decay constant of ith group neutron precursor (s -1 ), Λ denotes effective prompt neutron life time (s), β i denotes ith group delayed neutron fraction, β denotes total delayed neutron fraction, ρ denotes reactivity (k-1)/k, G r denotes total reactivity of control rod.
Equivalent Normalized Equations
For computational purposes, it is convenient to use equivalent normalized version of (1) (Edwards, 1991) :
where n 0 denotes initial equilibrium (steady-state) neutron density, c i0 denotes initial equilibrium (steady-state) density of ith group precursor.
n r =n/n 0 denotes neutron density relative to initial equilibrium density, c ri =c i /c i0 denotes density of ith group precursor relative to initial equilibrium density.
Formulation of six delayed neutron group parameters derived from experimental data provides an accurate simulation model to describe the macroscopic behavior of reactor power ignoring spatial dependencies. However, a one delayed group formulation provides an approximate model for the purpose of illustrating elementary control concepts, such as
where λ denotes equivalent radioactive decay constant of one group neutron precursor (s -1 ).
The values of the constants used for control design, analysis and simulations in this paper are summarized as (Edwards, 1991) β = 0.0065; Λ = 0.0001 s; G r = 0.01 total rod reactivity; λ = 0.125 s -1 .
Linearzed Equivalent Normalized Equations
To analyze the stability of this system and design the controller, linearized version of (3) for one delayed neutron group model about an equilibrium point is used (Edwards, 1991) : 
State Space Representation
The state space representation of (4) is obtained as follows:
where
STATE FEEDBACK CONTROL SYSTEM FOR NUCLEAR REACTOR POWER
A classical control configuration
A single-input/single-output (SISO) classical control system, as shown in Fig. 1 , is a simple and direct approach to regulate reactor power n r to match a demand signal n rd . The classical controller gain G c multiplies the error signal (difference between demand and output) and thus sets the control rod speed z r to the reactor system (Edwards, 1991) . 
Pole Placement State Feedback Controller
The SISO control system for reactor power can be transformed into the state space representation shown in Fig.  2 . The area enclosed by the dashed lines of Fig. 2 is the state variable description of the system by (5) (Edwards, 1991) . In Fig. 2 , the demand signal r =Δn rd = n rd -n r0 , the state feedback gain F = [f 1 , f 2 , f 3 ] is assigned via the pole placement technique, the normalization gain V is computed from the closed loop transfer function of the state feedback system G f (s), and the other symbols denote the same significations as those in (5).
The closed loop transfer function for the state feedback system is 
T-S FUZZY CONTROLL SYSTEM
Description of Plant by the Fuzzy Dynamic Model
The one delayed neutron group model of nuclear reactor is nonlinear, and can be is described by the T-S fuzzy model as IF-THEN rules, which represent local linear input-output relations of a nonlinear system. The ith rule of the T-S fuzzy model is of the following form:
where M ij is the fuzzy set; z 1 (t), …, z p (t) are the premise variables, which are measurable and denoted as z(t) = [z 1 (t), …, z p (t)]; γ is the number of IF-THEN rules, which lies on the number of operating points;
x(t), u(t), y(t) have the same significations as (5); A i , B i , C i are the coefficient matrixes at each operating point.
The linearized version for one delayed neutron group model about an equilibrium point, represented by (5), is defined at each equilibrium power. The presence of n r0 in the linear model is a result of the linearization process, which show that the linearized models depend on n r0 (Ben-Abdennour et al., 1992) . Therefore the nonlinearities are determined by the relative neutron density at the equilibrium point n r0 , which is used as the premise variable, i.e. z(t)=[n r0 ], while the linearized models at each operating point are used as the consequents, thus T-S fuzzy model is constructed. The fuzzy sets in the relevant rules are M i , whose membership functions are listed as 
Given a pair of {x(t), u(t)}, the final state and output of the fuzzy system are inferred as follows: 
for all t.
Fuzzy Controller
The plant (8) is locally controllable, i.e., (
) is controllable, so the fuzzy controller in the form of state feedback control law is constructed as
by the means of PDC (Tanaka et al., 1992) , where the premise variables have the same fuzzy sets as the fuzzy model, and
The overall fuzzy regulator is represented by
Here the five groups of poles are selected at five operating points, listed in Table 1 . Therefore the state feedback gains F i can be obtained by means of pole placement, and the feedforward gains V i are obtained by Equation (7), which are shown in Table 2 . 
Stability Analysis of Closed-loop Control System
According to (14)(22),
Further, the T-S fuzzy control system can be represented as
∑∑ ∑∑
According to Theorem 5 in Tanaka et al. (2001) , the stability condition for the above T-S fuzzy control system is obtained as:
The equilibrium of the continuous fuzzy control system described by (8) is globally asymptotically stable if there exists a common positive definite matrix P such that
For the close-loop system with the control law in the form of (20), we can find a positive definite matrix P, which is (27)- (29) are satisfied. Therefore the equilibrium of the fuzzy control system designed above is globally asymptotically stable.
Simulation Results
The simulation is performed on the reactor model described in Section 2. Three different transients are used to evaluate the performance of the controller. These cases are similar to the transients considered in Khorramabadi et al. (2008) . The ramp changes in demand power are applied as follows:
Case A: local control 100%→90%→100% ramp changes in power level with 5%/min rate. Case B: global operation 100%→10%→100% ramp changes in power level with 5%/min rate. Case C: emergency operation 100%→25% fast ramp changes in power level with 15%/min rate. Fig. 3 shows the T-S fuzzy control system response for a 100%→90%→100% demand power level change with the rate of 5%/min. The desired power is reached quickly, with puny overshoot and no oscillation. Fig. 4 illustrates the shut-down and start-up operation with a ramp with 5%/min rate. It is too evident that the desired power is reached quickly without overshoot and oscillation almost. Fig . 5 shows the input signal to the system has a large ramp change from 100% to 25% of full power with the 15%/min rate. This case represents the most stressed operation. As shown in Fig. 5 , the reactor output power has no overshoot and oscillation, which indicates that the T-S fuzzy control system is applicable in emergency operating conditions as compared to normal conditions. 5 all shows that the reactivity ρ is much less than β/2, which satisfies the demand of nuclear safety.
CONCLUSIONS
The design of a T-S fuzzy control system for improving the load-following capability of a nuclear reactor has been presented in detail. This control system uses the mature state feedback technique to design local controllers and applies the parallel distributed compensation scheme to construct the global controller. By means of theoretical derivation, the stability condition of closed-loop control system in the form of linear matrix inequalities (LMI) has been obtained. The result of solving LMI proves that this control system is globally asymptotically stable. The simulation shows that this control system has a good load-following capability of a nuclear reactor.
